To examine whether adding preconditioning hamstring resistance exercises to a regular warmup prior to a repeated sprinting exercise provides protection against the sprinting-induced muscle damage. Ten female soccer players (mean ± SD age: 21.3 ± 4.5yrs; height: 171.34 ± 8.29 cm; weight: 68.53 ± 11.27 kg) participated in this study. After the familiarization visit, the subjects completed three separate randomly sequenced experimental visits, during which three different warm-up interventions were performed before the muscledamaging protocol (12 sets of 30-m maximal repeated sprints): 1. Regular running and static stretching (Control); 2. Control with hyperextensions (HE); 3. Control with single leg Romanian deadlift (SLRD). Before (Pre), immediately (Post0), 24 hours (24hr), and 48 hours after (48hr) the sprints, hamstring muscle thickness, muscle stiffness, knee flexion eccentric peak torque, knee extension concentric peak torque, and functional hamstring to quadriceps ratios were measured. Repeated sprints have induced muscle damage (e.g., an average of 42% knee flexion eccentric strength reduction) in all three conditions. After the SLRD, hamstring muscle thickness decreased from 24hr to 48hr (p < 0.001). Additionally, muscle stiffness and eccentric strength for the SLRD showed no difference from baseline at 24hr and 48hr, respectively. When compared with the SLRD at 48hr, the muscle stiffness and the eccentric strength were greater and lower, respectively, in other protocols. The SLRD protocol had protective effect on sprinting-induced muscle damage markers than other protocols. Athletes whose competitions/training are densely scheduled may take advantage of this strategy to facilitate muscle recovery.
INTRODUCTION
Hamstrings strain injuries (HSIs) often occur in sporting activities which contain high-speed open kinetic chain type muscle contractions such as sprinting [1] . During the terminal swing phase of a sprint, the hip is flexing and the knee is extending rapidly, creating a situation where a large amount of force is required from the lengthening knee flexors. This eccentric portion of the sprinting activity plays an important role decreasing the hamstring muscle strength, muscle activation, and flexibility for a prolonged period of time, known as the eccentric exercise-induced muscle damage [2, 3] . Many team sports (e.g. soccer, rugby, hockey) require athletes to perform numerous intermittent and repeated sprints, which may increase the likelihood of muscle damage, thereafter leading to a decline in performance. In fact, Keane et al. [4] reported reduced countermovement jump height and sprint performance with increased muscle soreness and creatine kinase level following the repeated sprints, even in
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All subjects provided written informed consent before testing. This 
Design
This investigation used a crossover design to examine the effects of different warm-up interventions on muscle damage markers following a maximal repeated sprinting protocol. All subjects visited the laboratory on 4 separate occasions. The first visit was to familiarize the subjects with all the measurement tests, as well as the different warm-up protocols. The following three experimental visits were conducted in a randomized order, during which different warm-up interventions were performed before the repeated maximal sprints:
1. Only regular running and static stretching (Control); 2. Regular running and static stretching followed by hyperextensions off table exercise (HE); 3. Regular running and static stretching followed by single leg Romanian deadlift exercise (SLRD). At least 7 days of rest were provided between consecutive experimental visits. All dependent variables were measured at the baseline (Pre), immediately (Post0), 24 hours (24hr), and 48 hours (48hr) after the maximal repeated sprints. The measurements were always performed at the dominant side of the subjects, determined by which foot the subjects would kick a soccer ball.
Procedures
At each experimental testing visit, the subjects started with a regular warm-up protocol which began with 5 minutes of running at 60-100% of their perceived maximum speed with a series of dynamic sprint drills (high knees, heel-flicks, and walking lunges). Following the running exercise, subjects were given 5 minutes to perform unassisted static stretching exercises on their gluteus, psoas, adductors, hamstrings and quadriceps muscles. Each unassisted stretching exercise was performed one time for 30 seconds to the level of mild discomfort, but not pain on each leg. A detailed description of the stretching exercises is listed in Ayala et al [20] . Following the stretching protocol, subjects were instructed to perform one of the three warm-up intervention protocols: 1) Control: during which the subjects rested for 5 minutes with the sitting position; 2) HE: the subject lay down on a hyperextension bench with the prone position. With the legs fixated by a research staff, the subject's hip and upper body were hanging off the bench's edge. The subject then started to bend down slowly with the back flat until a stretch is felt on the hamstrings.
With one second pause at the bottom, the upper body was raised again until the hip is fully extended. The subjects performed this exercise for 12 repetitions with full range of motion and controlled manner; 3) SLRD: the subject started with the standing position on one foot and with the knee slightly flexed (10-15°), then she slowly exercise-induced muscle damage remain controversial [12, 13] . For example, Johansson and colleagues [3] found that 4 sets of 20-s static stretching for the hamstring muscle group has no preventive effect on muscular soreness, tenderness and force loss following the muscle-damaging knee flexion eccentric exercise. On the other hand, a brief warm-up combined with static active or dynamic active stretches attenuated the symptoms of muscle damage after eccentric exercise [14] .
In addition to a variety of warm-up and stretching programs, hamstring strength training has also been considered as a primary tool to improve hamstring strength, thereby reducing HSIs. For example, injury prevention programs that include the Nordic hamstring lower exercise reduced HSIs up to 51% when compared with the ones did not incorporate injury prevention programs [15] . A 10-week hip extension training also significantly increased biceps femoris long head fascicle length and muscle volume, making the hamstrings less likely to strain [16] . Considering the positive effects of chronic hamstring strength training, it would be interesting to incorporate such resistance exercises as a preconditioning bout prior to high intensity repeated sprints, and to examine whether such interventions could attenuate potential muscle damage and HSI risk factors. It has been reported that preconditioning low-intensity eccentric exercises on knee flexors and extensors could provide protection against subsequent eccentric exercise-induced muscle damage [17] . This term is referred to as the repeated bout effect, however, the effective time window between the first bout and second bout, as well as how long this effect can last, differ across a variety of populations. In addition, it is also unclear whether resistance exercises with different intensities and eccentric contractions portions would impose differential effects on sprinting-induced muscle damage [18, 19] .
Therefore, the purpose of this investigation was to examine whether adding preconditioning non-fatiguing hamstring resistance exercises to the regular warm-up prior to a bout of repeated maximal sprints provide protective effects against sprint-induced muscle damage in female soccer players. Instead of the Nordic hamstring lower exercise, the hyperextension off the table (HE) and the single leg Romanian deadlift (SLRD) exercises were separately incorporated into the regular warm-up protocol, as the intensity of Nordic hamstring lower exercise is considered to be high, which may affect subsequent sports performance, and has rarely been used as a warm-up protocol.
MATERIALS AND METHODS

Subjects
Ten female soccer players (mean ± SD age: 21.3 ± 4.5yrs; height:
171.34 ± 8.29 cm; weight: 68.53 ± 11.27 kg) voluntarily participated in this investigation. Subjects were eligible to participate if they practiced soccer at a university or recreational league level. In addition, they had to participate in at least two training sessions per week, who all had at least a year of training experience. Subjects were excluded from the study if they had any injuries on the ankles, knees, hips, low back, or hamstring muscles over the past one year. 
Biology
Measurements
Muscle Thickness
Muscle thickness was determined from the ultrasound images taken along the longitudinal axis of the muscle belly using a two-dimensional, B-mode ultrasound equipment (Siemens ACUSON S2000™, Siemens Healthcare, Erlangen, Germany) with a 7.5 MHz linear probe. The images were then analyzed digitally off-line. With the subjects lying in the prone position with lower limbs relaxed, the probe was placed on the subject's dominant leg at the halfway point between the ischial tuberosity and the knee joint fold, along the line of the long head of the biceps femoris (BFlh). The muscle thickness was quantified as the mean of the vertical distances delimited by superficial and deep aponeuroses measured at both image extremities.
Muscle Stiffness
Muscle stiffness was measured in real time based on the acoustic radiation force impulse (ARFI) technique. Using the ARFI-based elastography examination mode to measure the shear wave velocity (SWV, m/s) provides an indicator of muscle stiffness of the BFlh. The ARFI measurement was performed with the same ultrasound system as the muscle thickness was measured. The probe was held over the BFlh, parallel to the long axis of the muscle, to obtain a valid SWV measurement.
Isokinetic Strength and Functional Hamstring to Quadriceps Ratios (f-H:Q)
An isokinetic dynamometer (Biodex System Pro 4, Biodex Medical Systems, Inc., Shirley, NY) was used to assess hamstring and quadriceps muscle strength performance. The subject sat with a comfortable position on the dynamometer. The mechanical axis of the dynamometer was aligned with the lateral epicondyle of the knee. The trunk, the waist, the thigh, and the chest were strapped with belts to minimize extraneous body movements. The range of motion of the dominant knee was set before the strength testing. The subjects performed a standardized warm-up composed of 3 submaximal (50% of perceived maximal effort) eccentric contractions at the designated angular speed before each test. After a 2-minute rest, they were asked to perform 3 maximal eccentric knee flexion contractions at the angular speed of 30°/s, and the eccentric peak torques were then recorded. A 45-second rest period was provided between consecutive maximal voluntary contractions (MVCs). Two minutes after the knee flexion eccentric strength testing, the subjects performed concentric knee extension warm-up followed by 3 maximal concentric knee extension contractions at 60°/s, and the concentric peak torques of the knee extensors were recorded. The highest peak torque of the three maximal contractions for each test was collected for data analysis. The functional hamstring to quadriceps ratios (f-H:Q) was calculated as the maximal eccentric knee flexion peak torque divided by the maximal concentric knee extension peak torque. As the ratio increases, the hamstrings have an increased functional capacity for providing stability to the knee joint [21] . Table 1 shows the means and standard deviations (SD) for hamstrings muscle thickness, muscle stiffness, knee flexion eccentric peak torque, knee extension concentric peak torque, and functional hamstring eccentric/quadriceps concentric ratio.
Statistical Analyses
RESULTS
For muscle thickness, the 2-way repeated measures ANOVA indicated that there was a time × protocol interaction (p = 0.004).
The follow-up analyses showed significant muscle thickness increase from Pre to 24hr for control (p = 0.037); from Pre to Post0 (p = 0.002), from Pre to 24hr (p = 0.002), from Pre to 48hr (p = 0.021), and from Post0 to 24hr (p = 0.038) for HE; and from Pre to Post0 (p = 0.029), from Pre to 24hr (p < 0.001), from Post0 to 24hr (p = 0.013), but significant decrease from 24hr to 48hr (p < 0.001) for SLRD. In addition, the muscle thickness was significantly lower for SLRD than that for HE at 48hr (p = 0.03) (Figure 1A) . 
DISCUSSION
The main purpose of this study was to examine the effects of a regular warm-up combined with different hamstring exercises on muscle damage markers following a muscle-damaging exercise protocol (repeated maximal sprints). First of all, our results confirmed that the repeated sprints induced a large degree of muscle damage in all three interventions. This damage was qualified by indirect markers that included prolonged depression of muscle strength [22] , accompanied with the elevated muscle thickness [23] and muscle stiffness [24] for at least 24 hours following the sprints.
With the presence of the sprinting-induced muscle damage, a novel finding of this investigation is that the combination of the regular warm-up exercise with one set of SLRD prior to the maximal sprints resulted in significantly less muscle damage and faster recovery than the other two conditions (Control and HE). Specifically, 48 hours following the repeated sprints, the values for muscle thickness, muscle stiffness, and knee flexion eccentric strength returned to baseline for SLRD, and they were different from the values of the other two conditions. In addition, as a common HSI risk factor, the TABLE 1. Mean ± Standard Deviation (SD) before (Pre), immediately after (Post-0), 24 hours after (Post-24), and 48 hours after (Post-48) the repeated sprints for muscle thickness, muscle stiffness, knee flexion eccentric peak torque, knee extension concentric peak torque, and functional hamstring to quadriceps strength ratios (f-H:Q ratio). significantly increased from Pre to Post0, from Pre to 24hr, from Pre to 48hr, and from Post0 to 24hr for Control and HE; and only from Pre to Post0 (p = 0.047) for SLRD. In addition, the muscle stiffness was significantly lower for SLRD than those for both Control (p = 0.031) and HE (p = 0.019) at 48hr ( Figure 1B ).
For knee flexion eccentric peak torque, there was a significant 2-way interaction (p < 0.001). The follow-up analyses revealed that the knee flexion eccentric peak torque significantly decreased from Pre to Post0, from Pre to 24hr, from Pre to 48hr, but increased from Post0 to 48hr and from 24hr to 48hr for both Control and HE. The SLRD shared the similar patterns as the other two conditions, but the peak torque at 48hr showed no significant difference from the Pre value. In addition, at Post0, 24hr, and 48hr, the peak torque values for SLRD were significantly greater than those from other protocols ( Figure 2A ).
For knee extension concentric peak torque, the 2-way repeated measures ANOVA showed no significant interaction (p = 0.851).
However, there was a significant main effect for time (p < 0.001).
When collapsed across protocol, the combined mean knee extension concentric peak torque value significantly decreased from Pre to Post0 It has been reported that low-intensity (varied between 10% and 40% of MVIC) preconditioning eccentric exercise can attenuate subsequent maximal or submaximal eccentric exercise-induced muscle damage and accelerate the recovery [25, 26] . This protective effect has been attributed to several different mechanisms, including neural, mechanical, and cellular adaptations [27] . From the same group of researchers [28] , this low-intensity eccentric exercise-induced protective effect can last up to two weeks. A main difference between the current investigation and the previous studies, however, should be pointed out: unlike the previous experiments during which the 
Limitations
The novel findings of this investigation must be balanced against some limitations. First and foremost, even though all the preconditioning exercises were short in duration and low in volume, we do not know for sure how long the preconditioning effect would last. If the effect could have lasted more than a week, then it indeed could have influenced the results. Second, we are not able to provide more specific details regarding the physiological mechanisms associated with the SLRD-induced protective effect. Indeed, changes in neural, mechanical, and cellular factors following low-intensity eccentric contractions could all elicit acute adaptations contributing to our results. However, considering the protective effect happened immediately, it is likely that neural factors played a more important role.
Thus, future research should focus on quantifying the contribution from each factor under different exercising conditions.
CONCLUSIONS
Adding a set of SLRD to a regular warm-up protocol prior to repeated sprints has superior effect on recovery from repeated maximal sprinting-induced muscle damage than regular warm-up exercise only and the combination of regular warm-up with HE exercise.
Muscle damage markers and hamstring performance retuned to baseline 48 hours after the muscle-damaging protocol. A possible explanation is that the eccentric-based SLRD exercise imposed a protective effect against the following sprinting exercise. Practically, athletes who have high density competition schedules (e.g., competing 2-3 times per week) during the competition season, adding a set of SLRD to the regular warm-up prior to the competition may help facilitate the recovery from sprint-induced muscle damage, thus to potentially enhance the sports performance and to decrease the possibility of HSIs for the following competitions.
